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Abstract It is now officially recognized by the governments
of Australia and Japan that the southern bluefin tuna fishery has
been overexploited and that harvests must be controlled. A dy-
namic programming model applicable to multicohort fisheries
is developed for finding approximately optimal time-dependent
quotas. Results from applying the model to the southern bluefin
tuna fishery indicate that restricting or eliminating the Australian
catch of under 4-year-oids would benefit both countries.
Introduction
Stocks of southern bluefin tuna (SBT) are an important renewable
resource, exploited primarily by Australia and Japan. Traditionally,
Australia has fished the surface juvenile stocks in her coastal
waters, and Japan the mature fish at greater depths in grounds
stretching from New Zealand and the southern coasts of Australia
to South Africa. Annual Australian harvests have increased from
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about 11.000 metric tons at the end of the 1970s to about 20,000
metric tons in the early 1980s. In response to biological indications
that the stock of SBT was being overfished, the Australian govern-
ment in 1983 requested the Industries Assistance Commission to,
among other things, recommend the most appropriate system for
restraining harvest levels.
Clark (1976) and Conrad (1982) have emphasized the need for a
multiple-cohort model of a fishery if the system parameters are in
reality age dependent. In this article approximately optimal quotas
are specified by age group and year for various runs of a multiple-
cohort model. The harvesting costs of each fleet depend on the
fleet's own levels of harvesting each age category and on those of
the competing fleet. The price of tuna received by fishermen depends
on the quantity harvested and whether the tuna are processed in
Australia or Japan. A generalized one-country model is formulated
first. A two-country version of the model is then specified and
applied to the SBT fishery. The model complements a large-scale
simulation model developed by the Industries Assistance Commis-
sion (1984), which was also used to examine policy options for the
fishery.
Specification of a Generalized Dynamic Optimizing Model
The problem is to determine levels of harvesting for which the
present value of the flow of economic welfare from a fishery is maxi-
mized. It is formulated as a dynamic programming problem con-
sisting of the following elements: the state variables, which are the
levels of stocks of each age category of fish; the decision variables,
which are the proportions of the opening stock levels of each age
category harvested between stages; a quadratic stage return func-
tion, which is the sum of consumers' surplus and producers' rent
generated by the end of each period; and a linear state transforma-
tion function, which specifies the way stocks are updated dependent
on rates of mortality and recruitment.
The quadratic stage return function is formulated after introduc-
ing a linear average-cost-of-harvesting function, which is shown to
be a reasonable approximation to a nonlinear function, and a linearQuotas for the Southern Bluefin Tuna Fishery 295
demand function. This is followed by a description ofthe stock up-
dating and multistage optimization processes.
Average Cost Function
Although the model developed here treats time as passing in dis-
crete units, it is common practice in the fisheries literature to work
with continuous-time models. A linear function relating the average
cost of harvesting over one period to harvesting level is determined
which approximates a corresponding function based on a continu-
ous-time model.
As Munro (1981) points out, it is commonly assumed that in-
stantaneous harvest level (/) is proportional to the product of fish-
ing effort and stock numbers (x). This implies that the instantaneous
rate of harvesting, //.x, or equivalently, the rate of fishing mortality,
/, is directly proportional to fishing effort. Assuming that fishing
effort is applied at a constant rate throughout the period, / also
remains constant. If the total cost of harvesting over a period is
directly proportional to the rate of fishing effort, the total harvest-
ing cost can be written as
c = kf (1)
where k is the harvesting cost per unit of fishing mortality. The next
step is to establish the total harvest obtained over a period for a
rate of fishing mortality equal to /.
The stock of fish at each instant t after time zero, x,, depends not
only on / but also on the rate of natural mortality, m, according to
the equation
[/-m)r] (2)
Harvest over one period is therefore cumulative fishing mortality:
- m)f] dt
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Equation (3) shows that the total harvest level expressed as a
proportion of initial stock, defined as q, is uniquely related to /
and m. That is,
q = h/xo = [f/{f + m)][l - exp( -/ - m)] (4)
Because of this relationship, it is convenient for modeling purposes
to make q rather than h the decision variable, atid to express the
average cost of harvesting (v4C) as a function of q. From Eqtiation (1),
AC = c/h = ik/xo){f/q) (5)
Based on Equation (4), an iterative routine was used for finding
/ for given q, and thus f/q for given q. It was found that f/q could
be reasonably approximated by the fitted hnear relationship
f/q = u{m} + v{m]q -i- e^ (6)
where u and v are parameters dependent on m and e^ is the error
term. For m = 0.2, and over the range of q from zero in steps of
0.02 to a likely maximum in practice of 0.6, the R^ of the regression
is 0.98. The approximating linear AC equation used in the model
is thus
AC = ik/xo)iu + vq) (7)
Fish are harvested selectively by age group. Using subscript i to
refer to the ith age group, the total cost of fishing across all age
groups is
,x,o = S k,{u,q, + v^qf) (8)
Average Revenue Function
It is assumed that the following linear inverse demand function
applies, relating the price offish, AR., to the weight offish harvested
and sold:
r + 5(X q,x,w,) (9)Quotas for the Southern Bluefin Tuna Fishery 297
where x, and w, are initial stock level and the average weight of
fish respectively in the ith age group.
Stage Return Function *-•
The stage return is a measure of economic welfare, equal to the
sum of consumers' and producers' surplus, or
EW = r(j; g,x,-w,) -h 0.5s(X ^.x,-w,-)^ - ^ Hu^qi + v,qj) (10)
which can be rewritten using appropriate matrix notation with time
subscripts added: „ .
, = {W'X[r - K'u)'q, -f O.Sq\[X[W'S'WX, - 2VK)q,
Stock Updating
Stock numbers are updated period by period to take account of
aging, fishing mortality, and natural mortality using a linear ap-
proximation to the continuous process described by Equation (2).
The regression equation
exp(-/ - m) = Pi + Pjq + £2 (12)
is obtained by fitting data generated using Equation (4) to provide
the coefficients for the stock updating equation
JCi., + 1 = X;_j,,(Pi + ^2^,-,,) i-2,... (13)
The number of fish recruited to the first age category are the
following linear function of parental biomass:
where p^ is the proportion of the ith age category which is sexually
mature. A linear relationship is likely to be satisfactory only over298 John O. S. Kennedy and James W. Watkins
a limited range of parental biomass. In the application to the south-
ern bluefin tuna fishery described in the next section, a segmented
linear function was used to approximate a hypothesized nonlinear
function.




The problem is to find the dynamic harvesting strategy that gen-
erates the maximum present value of the stream of EW, to the end
of the planning horizon given an initial stock vector, Xj. That is,
the problem is to find
T
maximize ^ ^'~\b[qi-{-0.5q',C,q,) (16)
subject to
t -
where a is the discount factor.
The process of stock updating described by Equation (16) is bi-
linear in that x,+1 is a function of the product of x, and q,. The
objective function is quartic because the matrix C, is quadratic in
X,. Mohler (1973) points out that one method for solving bilinear
control problems is dynamic programming. The problem is formu-
lated as a dynamic programming problem, and solved using the
following recursion equation:
yt{x,] = maximize [b'.q, -f- 0.5q',C,q, + oiy,+ i{e + Gx, + H,g,}]
0 1
t=T,...A (17)Quotas for the Southern Bluefin Tuna Fishery 299
and '
where y:{x^ is the value of the fishery at the start of year (, given
stocks of X, and that optimal harvests are pursued to year T. The
curse of dimensionality is ameliorated by substituting for yi+i{-}
in Equation (17) the best-fit quadratic function
obtained by regressing y^{Xs] on x^, s = T 1 (Larson and Casti,
1982).
Having found \|/, and Cl, for all l, they may be used for finding
the optimal sequence of harvests for a planning horizon of T years
by solving the problems
maximize [(6, + aH;(\l/,+ , + 2Cl[^^{e + Gx,)))'g,
(19)
for f = 1 to T. For year 1, Xj = x^. For t > 1, .x, is calculated using
Equation (15) given x,_i and the solution vector ^,_i. Alternatively,
optimal infinite-stage harvesting levels may be obtained for the first
7' periods by following the same process, but substituting infinite-
stage values \|/ and O for v|/, ^ j and Q, + ^ in Equation (19). For a > 0,
T can always be made sufficiently large for \|/i and O, to be rea-
sonable approximations to A}/ and Q. The approximation is judged
satisfactory when \|;i and Qj are not significantly different from ^j
and Qj' respectively.
Modeling Open-Access Behavior
It is straightforward to run the optimizing model to simulate the
harvesting behavior expected for an open-access fishery. The model
is run as before, but with (|) = ij/ — Q = 0, to reflect the zero mar-
ginal value, fishermen are assumed to attach to stocks remaining300 John O. S. Kennedy and James W. Watkins
at the end ofthe period, and with matrix C in Equation (11) mod-
ified to include the area under the average rather than marginal
cost schedule. Running the model in this way ensures that in the
absence of quotas, all economic rent is dissipated. Kennedy and
Watkins (1984) have used the model in this way for studying the
behavior of the SBT fishery with and without quotas.
Applications to the Southern Bluefin Tuna Fishery
A Model of Stoek Flows
SBT are spawned off the northwest coast of Australia. SBT can
live as long as 20 years, although most fish caught are under 12
years. Most of the juvenile fish up to the age of 6 years school in
the coastal waters around the southern coastlines of Australia. For
most of each year, older fish inhabit the more southerly waters of
the West Wind Drift. The adults reach sexual maturity at about 8
years.
Because ofthe need to fit yt{x,}, it is necessary to limit the number
of age groups. Four groups were chosen, spanning years 0 to 2, 2
to 4, 4 to 6, and 6 to 20, referred to as Gl to G4, respectively.
Because there is uncertainty about the recruitment and migration
of SBT, experiments were conducted with three alternative recruit-
ment and migration structures (RMl, RM2, and RM3). These are
described with the aid of Figure I. Each structure has an inflow to
Gl, and thereafter a flow through successive age groups to G4.
For RMl, recruitment to Gl is fixed. For RM2, the flow route is
the same, but recruitment to Gl is a function of the parental bio-
mass in G4. RM3 is like RMl in that recruitment to Gl is fixed,
but in this case recruitment is only some proportion of the total
fish spawned. The remaining proportion {RF) bypass the fished
groups Gl to G3, entering G4 by age 7.
Australia fishes predominantly from Gl to G3 while Japan fishes
predominantly from G4. However, there is an overlap in fishing,
with Australia harvesting some fish from G4 and Japan harvesting
some fish from G3. The decision vector q therefore consists of six
elements: q^ io q^, refer to the proportions harvested by Australia
from Gl to G4; q^ and g^ refer to the proportions harvested by
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and South Australia fish from Gl to G2, and Australian fleets from
South Australia and New South Wales fish from G3 to G4.
Stock Updating Equations
Because harvesting is modeled on a yearly basis, while the state
variables x^ to x^ represent numbers of fish in millions spanning
two or more year categories, the stock updating equations can only
be approximate. It is assumed that for each age group al{\ — a) is
the ratio of fish aged n years to those aged n + 1 years, where a is
a constant. This is an approximation because if numbers in each
year category were updated on an annual basis the ratio would
depend on the harvesting history.
The stock updating equations using scalar notation are
(20)
a (21)
+ ^4.,[Pl + P2(^4,, + ^6.r)] (23)
^5.,+ l =X3.,+ i (24)
-'^6,t+l — ^A,t-\-l (25)
To facilitate matrix manipulation, the stock vector A- is expanded
from four to six elements to match the six elements of the q vector.
In this way ^5,, for example, represents the proportion of .X5, (equal
to X3_,) harvested from G3 by the Japanese. In Equation (20), Wj
is the average weight of sexually mature fish. In Equation (23), e^
represents the entry of any fish that have bypassed the fishable
stocks in Gl to G3.
Allowing for Joint Fishing
The u and v parameters which partly determine harvesting costs
depend on the uncontrollable rate of mortality of the fish, z. By
estimating the parameters « and v in Equation (6) for uncontrol-
lable rates of mortality ranging from 0.02 to 0.80 in steps of 0.02,Quotas for the Southern Bluefin Tuna Fishery 303
the following best-fit equations were obtained:
u{z} = 0.9560 -I- 0.4344Z -I- 0.0447z' - O.OHU^ -I- 63
(/?2 _ 0.999) (26)
v{z} = 0.8502 -I- 0.8944Z -\- 0.3992z' -I- O.O583z^ -f- E^
(/?2 = 0.999) (27)
In the case of Gl and G2, which are only fished by Australia, the
uncontrollable rate of mortality is the same as the natural rate of
mortality, m. However, in the case of G3, for example, z for Japan
is m + /a, where f'^ is the rate of fishing mortality occasioned by
Australian harvesting. But f 3 depends on ^3. This means that op-
timal ^5 must be related to optimal q^ in a way not specified in the
model so far. In determining the vector q, an iterative procedure
was followed, starting with z,- = m, to ensure that u,- and f,- were
consistent with optimal ^;, i = 3,..., 6.
Joint fishing of G3 and G4 also means that constraints in the
model preventing fishing out all stocks become
• qi<\ 1-1,2 (28)
q, + q,,2<l ( = 3,4 (29)
SBT fish are not only harvested by fleets from two nations, but
are also sold on two distinct markets. Fish harvested by Australia
are either sold to canneries operating in Australia, or exported,
primarily to Italy. Shortfalls in Australian harvests can be replaced
by imports. On the other hand, most of the fish harvested by the
Japanese is sold on the Japanese sashimi market, at prices about
10 times the Australian price. However, for fish to be of sashimi
quality, they have to be specially processed. At present very little
of the Austrahan harvest is soid on the Japanese market. Demand
schedules for Australian and Japanese harvests are therefore speci-
fied as independent in the model.
Parameter Settings
Parameters for Australian and Japanese average revenue schedules
with elasticities of — 00 and - 1, respectively, are shown in Table 1.304 John O. S. Kennedy and James W. Watkins
Table 1
Australian and Japanese Demand Parameters
Demand Parameter
r' (thousands of A$/metric ton)


















They are calculated assuming that the elasticities applied at the
average 1980-82 prices and harvest levels. The behavior of the
Australian market makes it reasonable to assume that the demand
for Australian harvests is perfectly elastic. The Japanese demand
elasticity is based on monthly catch and price data at the major
Japanese market of Yaizu from 1978 to 1980. Parameters for other
elasticities used in sensitivity analysis are also shown in Table I.
The discount factor a in Equation (16) is based on a real rate of
interest of 10%.
Following estimates made by Murphy and Majkowski (1981),
the instantaneous rate of natural mortality is assumed to be 0.2
for all age categories. Alternative values tested were 0.1 and 0.25.
Murphy and Majkowski (1981) also suggest that the instantaneous
rate of outmigration from the main migration flow along Australia's
southern coastline may be 0.4. To approximate such a process of
outmigration, some runs of the model were conducted with 40%
of spawned fish bypassing Gl, G2, and G3 (i.e., with RP = 0.4).
For a rate of natural mortality of 0.2 and the rates of fishing
mortality encountered in practice, a is about 0.6. For standard runs
a was set at 0.6, and at 0.55 and 0.65 for sensitivity analysis.'
The average weights offish in each age group shown in Table 2
are calculated on the basis ofa ^ 0.6 and the midyear weights given
by Hampton and Majkowski (1983). The proportions of sexually
mature fish in each age group are based on the assumptions that
all fish reach maturity at the age of 8 years and that a - 0.6. The
average weight of sexually mature fish is calculated to be 67.50 kg,
which is W5 in Equation (20).
The stock updating coefficients, p, and |32in Equation (12), deter-
mined by least squares regression over the range q = 0.02 to 0.60,




Parameter 0-2 2-4 4-6 6-20
Average weight of
fish (kg), w,- 0.98 7.84 21.72 56.93
Initial stock numbers
(millions), x^ 12.08 6.39 3.13 2.92
Proportion sexually




Australia (/ = 1,..., 4) 9.42 35.59 52.38 130.18
Japan (i = 5, 6) 599.80 1395.14
that m = 0.2. Table 3 shows the values assigned to e^ and g in
Equation (20) and to e^ in Equation (23) for different recruitment
and migration structures. The values are based on the recruitment
functions used by Hampton and Majkowski (1983). In the case of
RM2, where recruitment depends on parental biomass, the function
is approximated by two linear segments. The parameters for RMl
are used in standard runs.
Because of lack of data, the initial stock numbers and cost co*
efficients shown in Table 2 are not estimated empirically. Instead,
they are calculated in a way consistent with the assumptions of the
model. The cost coefficients used in standard runs are set to ensure
that first-year modeled harvest levels equal the average harvest
Table 3























" RM2 for parental biomass < 153,800 metric tons.
'' RM2 for parental biomass > 153,800 metric tons.306 John 0. S. Kennedy and James W. Watkins
levels for 1980-82. The initial stock numbers for the standard runs
are those that would sustain indefinitely the average harvest levels
for 1978-80. Support for supposing that these harvest levels are
sustainable rests on recently expressed concerns that it is the post-
1980 harvest levels whieh are not sustainable [see Franklin and
Burns (1983)].
Operational Details
The single-stage maximization problems (17) and (19) subject to
further constraints (28) and (29) were solved using a quadratic pro-
gramming routine. Estimation of the response functions y,{xi] was
based on a three-level, four-factor, complete factorial design. This
meant that the 15 regression coefficients were estimated from 81
observations.
It was found that for 7 = 10 and a real rate of interest of 10%,
v[/i and n, could be taken as reasonable approximations to the
infinite-stage values \|/ and Q. Approximately optimal infinite-stage
harvest solutions over a 10-year period were obtained in experi-




There are no unique optimal solutions because more than one
interest group can be identified. The application of game theory to
transboundary fisheries is a growing area [see Munro (1982)]. In
this paper a simple approach is taken as a first step. Results are
reported from running three variations of the basic model, each
with a different objective function. The models, referred to as A, B,
and C, are described below.
1. In model A the objective function is the single-period function
necessary for simulating open-access behavior. It is used to
obtain the model scenario for no policy intervention, which
can be compared with results for models B and C.
2. In model B the objective function is the infinite-period func-
tion necessary for maximizing the present value of the sum of
Australian and Japanese economic welfare flows.Quotas for the Southern Bluefin Tuna Fishery 307
3. In model C the objective function is an infinite-period func-
tion for maximizing Australian economic welfare fiows only.
Japan is assumed to fish the same proportions of stocks in
each year, proportions equal to the average proportions for
1980-82. Thus Japan is assumed not to react in any strategic
way to changes in Australian harvesting levels.
Optimal Harvests
Harvest solutions for standard runs of models A, B, and C for se-
lected years over a 10-year period are shown in Table 4 and are
summarized in Figure 2 for B and Figure 3 for C. For all runs, the
most significant changes in harvest levels occur during the first
three years. By year 10 there is little change in harvest levels be-
tween years.
Open-access results for model A show that total Japanese har-
vests (h-') remain nearly constant over 10 years. Australian harvests
Table 4



















































































































FIGURE 2. Optimal harvests for standard run of model B.
{/j'') initially fall from the 1980-82 harvest levels shown for year 1,
but subsequently recover to levels just under the year 1 levels.
The harvesting profiles for model B are quite different. Australia
does not fish in any of the 10 years. Zero fishing by Australia and
reduced fishing by Japan permit G4 stocks to rise, thereby reducing
the cost of harvesting G4. Harvests from G4 almost double over
the 10-year period. As shown in Table 5, total welfare increases by
57%. End-of-year-10 G4 stocks are nearly doubled.
The results from model B not only show the maximum combined
welfare for Australia and Japan, but also the maximum welfare for
Japan alone. This is because Australia's harvesting is zero, so it is
impossible to increase Japan's welfare at the expense of Australia's.
Results for model C show that to maximize Australia's interests
subject to maintaining fixed proportions q^ and q^ for Japan, no
fish should be harvested from Gl and G2 in any year. Australian











FIGURE 3. Optimal harvests for standard run of model C.
rises rapidly to 21,120 metric tons by year 10. Because of the high
rate of weight gain of SBT, the tonnage of fish harvested can be
greatly increased by eliminating Gl and G2 harvesting. The total
year-10 harvest is 51,800 metric tons for model C, compared with
37,640 metric tons for model A. The present value of Australian
Table 5
Stocks and Welfare Results for Models A, B, and C
End-of-year-10 Stocks"
(millions)
Present Value of Economic
Welfare (millions of AS)

























" Beginning-of-year-1 stocks for standard runs of all models for Gl to G4 are
12.1, 6.4, 3.1, and 2.9 million, respectively.John O. S. Kennedy and James W. Watkins
economic welfare over 10 years is A$13 million, and that of Japan
increases by 29%.
Sensitivity Analysis
The results obtained were subjected to sensitivity analysis. To keep
computing within bounds, only one parameter at a time was
changed from its standard value, unless other concomitant parame-
ters had to be changed also. Nine other runs besides the standard
run were conducted for each of models A. B, and C. The broad
qualitative results that held for the standard run also held for the
alternative runs. For model B, it is optimal to eliminate Australian
fishing in all cases. Japanese harvesting always reaches about 30,000
metric tons by year 10.
For model C it is optimal to eliminate Australian fishing from
Gl and G2 in all cases. Australian harvesting reaches about 20,000
metric tons by year 10 in most cases, though it is over 30,000 metric
tons when the age distribution factor is reduced from 0.60 to 0.55,
or the rate of natural mortality falls from 0.2 to 0.1. The distribu-
tion of Australian fishing between G3 and G4 is sensitive to changes
in most of the parameters.
Runs with the alternative demand parameters shown in Table 1
do not on the whole significantly change the optimal harvesting
profiles. An exception is the run for model C with an Australian
demand elasticity of -3. In this case the period of waiting for stock
recovery before Australian harvesting climbs to 10,000 metric tons
is halved.
If the recruitment and migration structure RM2 applies, increases
in harvesting reduce the parental biomass and hence subsequent
recruitment. Optimal harvest levels are therefore likely to be lower
than under RMl. It can be seen from Figure 3 that Australian har-
vests are cut back significantly in the case of model C when RM2
applies. This means that more investigation of the appropriate re-
cruitment function would be required before making recommenda-
tions on Australian harvests to managers of the fishery. However,
evidence to date suggests that the assumption incorporated in RM 1,
that recruitment is independent of parental biomass above someQuotas for the Southern Bluefin Tuna Fishery 311
critically Iow level, is reasonable [see Industries Assistance Com-
mission (1984, Appendix 5)]. Results with RM3 (recruitment fixed
and 40% outmigration) are not significantly different from those
with RMl.
Conclusions
Results from applying the model to the SBT fishery suggest that
the elimination of Australian harvesting of fish under 4 years of
age is in the overall interests of both Australia and Japan. This is
one of two preconditions for Australia maximizing the present value
of its economic welfare. The other is that Australian harvesting of
other fish should be severely restricted for 2 to 3 years. Restrictions
should be gradually relaxed over the subsequent 7 years, so that
after 10 years annual Australian harvests of 15,000 or 20,000 metric
tons could be sustained, depending on which recruitment hypothesis
applies.
The results further suggest that Japan could profit by more than
compensating Australia for agreeing to reduce harvesting, and even
agreeing to cease harvesting altogether. A more likely outcome is
for Australia to adopt Japanese harvesting and processing tech-
nology and to gain access to more valuable markets for tuna. There
are signs that this is already beginning to happen [see Freeman
(1984)].
Three important limitations of the current model should be noted.
First the model is deterministic. There is no provision in the model
to reflect risk of recruitment failure if parental stocks fall too low.
A stochastic formulation of the model that recognized such a risk
would probably result in recommendations for more severe harvest
curtailment. A related second point is that more definitive recom-
mendations could be made on the basis of model results given
better knowledge of some of the biological parameters. Sensitivity
analysis has highlighted the need for more information on the
recruitment function.
Third, it is assumed in the model that capital in vessels and
fishing gear is perfectly malleable. If the costs of changing harvesting
capacity were taken into account, optimal changes in harvesting
levels through time are likely to be less rapid. Additional state and312 John O. S. Kennedy and James W. Watkins
control variables would be required to determine optimal invest-
ment or disinvestment. Clark et al. (1979) have shown how the
assumption of malleable capital leads to recommendations for more
severe reductions in harvesting of an overexploited stock than if
capital is nonmalleable.
Postscript
Since the release of the report on the SBT fishery by the Industries
Assistance Commission (1984), the Australian government has in-
troduced a quota on Australian harvesting of 14.500 metric tons
across all age groups for the 1984-85 season, with minor restric-
tions on harvesting young fish off Western Australia. Entitlements
to transferable perpetual shares in the Australian quota (to be set
annually) have been allocated to fishermen.
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Notes
1. a= 1/[1 + exp(-/ - m)]. For m = 0.2, a varies from 0.55 for / =
0.0 to 0.65 for / = 0.4.
2. It should be pointed out that q is less than 0.2 for all the modeled
harvests reported in the Results section and in Table 4.
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